Purpose The present report of two fatal awake malignant hyperthermia (MH) episodes in an MH susceptible (MHS) family is intended to raise awareness among medical personnel and MHS individuals to the possibility of lifethreatening non-anesthesia-triggered MH episodes and to provide a strong incentive for development of effective preventive measures.
Clinical features Two young athletic males (28 and 16 yr old), members of the same extended family with a history of anesthesia-related MH episodes and deaths, succumbed ten years apart on two different continents, with symptoms unrelated to anesthesia but strikingly similar to typical anesthetic-induced MH. Both suffered an abrupt surge in body temperature, tachycardia, tachypnea, muscle rigidity, hyperkalemia, and respiratory and metabolic acidosis. Despite aggressive resuscitation attempts, both developed cardiac arrest and died shortly upon arrival to hospital emergency departments. Autopsy analyses were negative for drugs, alcohol, or bacterial infection. Individual and familial genetic analyses revealed a novel, potentially pathogenic RYR1 variant (p.Gly159Arg) that co-segregates with the MHS phenotype in the family. Both fatal awake MH episodes are hypothesized to have been triggered by physical exertion compounded with a febrile illness that in one case was due to influenza type A. Conclusions Life-threatening awake MH episodes may develop in some MHS individuals in the absence of anesthetic triggers. Potential triggers can be physical exertion in combination with a febrile illness. Malignant hyperthermia susceptible patients are recommended to be vaccinated against flu and restrict physical activities when febrile, wear an MH alert bracelet, and inform medical personnel of their MH history. Oral dantrolene is suggested to be available to MHS patients for administration with the early signs of awake MH. Malignant hyperthermia (MH), an inherited disorder of skeletal muscle, presents as a hypermetabolic reaction triggered by volatile anesthetics and/or succinylcholine. Mutations in the RYR1, CACNA1S, or STAC3 genes are associated with MH. 1 An uncontrolled release of calcium ions from the sarcoplasmic reticulum into the myoplasm may lead to severe muscle contracture, resulting in excessive heat production, rhabdomyolysis, disseminated intravascular coagulopathy (DIC), cardiac arrest, and death. 2, 3 Increased awareness, advances in anesthesia monitoring, and availability of dantrolene, the only drug for the treatment of MH, have substantially reduced the mortality and morbidity of anesthesia-induced MH. 4 Nevertheless, a growing body of evidence suggests that in some MH susceptible (MHS) patients, the signs of MH may manifest outside of the operating room and in the absence of anesthetic triggers. These potentially fatal episodes are referred to as ''awake'' MH or MH-like episodes. [5] [6] [7] The awake episodes are rare, and present with non-specific symptoms ranging from hyperthermia, muscle cramps, exertional pain, and rhabdomyolysis to a lifethreatening hypermetabolic reaction in physically fit and seemingly healthy individuals often without a personal or family history of MH, which makes the diagnosis challenging. [7] [8] [9] [10] We report two fatal cases of awake MH episodes in one extended family with a strong history of anesthetic-induced MH episodes and deaths demonstrating the close connection between anesthesia-induced MH and awake MH episodes. This report is intended to raise awareness among patients and medical personnel (anesthesiologists, emergency department [ED], intensive care physicians, and nurses) to the possibility of life-threatening MH episodes that may develop in MHS individuals in the absence of general anesthesia.
Résumé

Case description
Informed consent for this report was obtained from the relevant family members.
Case A A 28-yr-old athletic male (III.2 in Fig. 1 ) presented to the ED of an Australian hospital in summer 2008 with a sinus tachycardia of 170 beatsÁmin -1 , severe bilateral leg weakness, high fever (tympanic temperature, 39.2°C), and diaphoresis. He had a two-day history of a febrile illness with no other significant past medical history. The evening prior to the crisis he had been dancing at a party, where he did not consume any drugs or alcohol (as confirmed on a subsequent toxicology screen). At the ED, adenosine and metoprolol were used to treat the tachycardia with minimal response. He developed what looked like a tonic-clonic seizure with increased muscle tone, which was treated with an intravenous benzodiazepine. With an increase in core temperature to 40.2°C, a drop of systolic blood pressure (BP) from 100 mmHg to 60 mmHg, and a heart rate (HR) of 160 beatsÁmin -1 , he progressed to pulseless electrical activity, which was treated according to the Advanced Cardiovascular Life Support (ACLS) guidelines. He was intubated using succinylcholine (he had not communicated his family history of MH and he was not wearing any alerts) after which increased muscle tone and jaw muscle rigidity were noted. Despite resuscitation attempts, he remained pulseless; a venous blood sample taken three minutes after the cardiac arrest revealed severe acidosis (pH, 6.62; partial pressure of carbon dioxide (P CO2 ), 217 mmHg; lactate, 25 mmolÁL -1 ; K ? , 7 mmolÁL -1 ; base excess, -28 mmolÁL -1 ; and creatinine kinase (CK), 1392 IUÁL -1 ). He was pronounced dead less than 90 min after ED admission. Post mortem genetic testing revealed a novel heterozygous RYR1 variant, c.475G[A (p.Gly159Arg).
Seven years later, a similar fatal incident occurred with another family member (case B).
Case B A 16-yr-old Canadian boy (IV.2 Fig. 1 ) with a family history of MH presented in December 2016 with fever (rectal temperature, 42.5°C), tachycardia (HR, 220 beatsÁmin -1 ) and breathing difficulty hours after developing mild flu-like symptoms. The boy was a physically fit soccer player; during the preceding two weeks, he had done vigorous weight lifting exercises. His past medical history included occasional dizziness with headaches, muscle weakness and tachycardia, and two short syncopal episodes at age 12 yr while walking in hot and humid weather, which recurred at age 15 yr during a flu-like illness. Both episodes resolved with rest and hydration, and cardiology assessment revealed no abnormalities.
At the time of admission to the ED, he was unconscious, hyperthermic, and hypotensive (BP, 73/30) with a HR of 200 beatsÁmin -1 and an oxygen saturation of 92%. He suffered two tonic-clonic seizures that were treated with lorazepam, and minutes later developed a cardiac arrest (ventricular fibrillation). Resuscitation was initiated according to the ACLS guidelines. The attending anesthesiologist, aware of the MH family history, used rocuronium for intubation; at that time, severe rigidity of abdominal and calf muscles was noted. Despite active cooling with ice packs, cold intravenous fluid, and acetaminophen, his rectal temperature remained 42°C. His cardiac rhythm changed to asystole; blood work showed severe acidosis (pH, 6 ) with onset of DIC with an activated partial thromboplasmin time of 38.1 sec in the presence of fibrin and platelet clumps on blood microscopy. His persistent hyperthermia, muscle rigidity, hemodynamic instability, severe acidosis, and DIC were all suggestive of an awake MH crisis, and about 60 min after initiation of resuscitation, a low dose intravenous dantrolene (20 mg) was administered with no response. The patient died two hours after his admission to the ED, approximately four hours after the onset of the crisis. This episode can be classified as ''almost certain MH'' with clinical grading score of 61 if the MH clinical grading scale were applied. 11 An autopsy showed pulmonary edema and mild to moderate hypoxic-ischemic encephalopathy that correlated with the two cardiac arrests; no other pathologic abnormalities were noted. Toxicology screening was negative for drugs and alcohol. Muscle histology revealed increased number of fibres with internal nuclei (30-35% of fibres) suggestive of an underlying myopathy. Blood and urine cultures were negative for bacterial infection but a nasopharyngeal swab was positive for influenza type A virus. Post mortem genetic screening revealed the same RYR1 variant, p.Gly159Arg, that was identified in his deceased maternal relative (case A).
His clinically healthy mother was a carrier of the same RYR1 variant and was diagnosed MHS by caffeine halothane contracture test (CHCT) (4.8 and 4.7 g contracture with 3% halothane and 2 mM caffeine, respectively). Her muscle histology (Fig. 2) showed mild myopathic changes with fibre size variability and internal nuclei in [ 15% of fibres, type I fibre predominance, and cores in type I fibres. Despite these findings, she had no muscle-related complaints. Figure 1 shows the extended family tree related to the two cases, notable for two fatal (II.3 and IV.1) and one nonfatal (III.1) anesthesia-induced MH episodes. The grandfather of case B, allegedly a healthy man who was a bodybuilder in his youth, died in 1986 at the age of 49 during an operation for hernia repair (using volatile anesthesia). His death was attributed to an adverse reaction to anesthesia, although the diagnosis of MH was not made at the time. He was an obligate carrier of the p.Gly159Arg variant since his descendants (III.3 and III.5
Family history of MH
in Fig. 1) as well as his sister (II.2) carried the same variant. Additionally, subject IV.1, a 12-yr-old cousin of case B, developed a fatal MH reaction upon induction for appendectomy in 2008.
The sister of case A (III.1) developed an MH reaction upon induction of isoflurane-based anesthesia for appendectomy in 1997. She developed tachycardia, hyperthermia of 39.2°C, and elevated P CO2 . In 2007, she had a positive in vitro contracture test (2.3 and 2.5 g contracture with 2% halothane and 2 mM caffeine, respectively) and was found to carry the familial RYR1 variant, p.Gly159Arg.
Discussion
We describe two fatal cases of awake MH episodes in a family with a strong history of MH susceptibility associated with a potentially pathogenic RYR1 variant. The clinical symptoms of these episodes-sudden onset of hyperthermia, tachycardia, tachypnea, skeletal muscle rigidity, profound metabolic and respiratory acidosis, and ensuing cardiac failure-reproduced the symptoms of an anesthesia-induced MH reaction 12, 13 despite having occured in the absence of any anesthetics. Both awake episodes were triggered by a combination of febrile illness (e.g., influenza type A) and physical exertion-i.e., dancing (case A) and weight lifting (case B). In case A, inadvertent administration of succinylcholine may have exacerbated the initial clinical presentation.
The concept that MHS individuals may develop lifethreatening hypermetabolic reactions in the absence of anesthesia was first introduced over 40 years ago with reports of sudden unexplained non-anesthesia-related deaths in some MH families.
14,15 While different diagnoses may be possible in some of those cases, a link between awake MH episodes and anesthesia-induced MH reactions has been supported by further reports on exercise and heat induced rhabdomyolysis and deaths, associated with RYR1 variants. [6] [7] [8] 16, 17 The awake MH episodes are predominantly observed in children or physically fit young men who have been exposed either to excessive heat, extreme and unaccustomed exercise, flu-like illnesses, alone or in combination. 9 Of the above triggers, influenza A presents a particular concern as it has a highly aggressive onset with fast surge in the body temperature, accompanied by rhabdomyolysis. [18] [19] [20] Awake MH episodes are sporadic and in the majority of cases, the MH status of the patients was deduced retrospectively; only few hitherto published cases concerned individuals with personal or family history of MH. 16, 17 In contrast to previous reports, where the link between MH crises and awake MH episodes was difficult to prove, the cases reported here confirm the close connection between MH and the awake MH episodes. The novel RYR1 variant, c.475G[A (p.Gly159Arg), identified in this family is a strong candidate for a causative MH mutation. It cosegregates across three generations with the MHS phenotype in the extended family and is also implicated in both fatal awake MH episodes. The variant is novel (only reported in this family) and is absent from human genetic variation databases. It results in the substitution of the highly conserved uncharged glycine 159 with a positively charged arginine. It is predicted to be damaging by in silico prediction tools. Moreover, the p.Gly159 amino acid residue maps to the highly conserved region of the N-terminal domain crucial for the RyR1 channel function. Functional studies and high-resolution modeling of RyR1 showed that the MH-associated mutations adjacent to p.Gly159Arg render the RyR1 channels more sensitive to agonists and lessen thermal stability of the RyR1, thereby conferring a temperaturesensitive phenotype to mutation carriers. 21, 22 As RYR1-related awake MH episodes share genetic changes with anesthetic-induced MH, 23 dantrolene may be of value for their treatment. Dantrolene stabilizes the closed state of the RyR1 channel, thereby inhibiting excessive Ca 2? release via RyR1 and averting a potential hypermetabolic reaction. 24 Oral dantrolene has successfully been used offlabel for many MHS patients and has been shown to be effective in preventing or diminishing the severity of musclerelated symptoms. 8, 17, 25, 26 Dantrolene has also effectively been used in the treatment of conditions symptomatically similar to MH, such as neuroleptic malignant syndrome, 25 exercise-induced rhabdomyolysis and muscle pain, 8, 27 exertional heat stroke, 28 and alcohol and drug intoxication. 9, 29 Successful management of MH relies on early diagnosis and aggressive treatment. 30 In case B, ineffectual use of dantrolene can be explained by the fact that it was administered at the advanced stages of the crisis (after the second cardiac arrest), emphasizing once again the need for early awake MH diagnosis and rapid dantrolene access and administration.
Awake MH episodes should be included in differential diagnosis in the ED and intensive care unit care of patients with hemodynamic instability and hypermetabolism, especially if the patients are members of MH families. Considering that most awake MH episodes are exercise and/or heat-related, and in the face of the growing popularity of outdoor sports, increased number of heat waves due to global warming, and recurrent influenza A and B pandemics, such episodes may occur more frequently. Failure to devise effective preventive measures may come at a high cost to human lives.
Malignant hyperthermia susceptible patients are recommended to i) get vaccinated against influenza type A and B, ii) be aware of symptoms of exertional myalgia when engaged in physical activities in hot and humid weather, and avoid very strenuous and prolonged physical exercise, particularly in a hot environment, and iii) wear a medical alert bracelet and inform medical personnel of MH family history. Additionally, to prevent further fatalities caused by inevitable delays in administration of dantrolene, oral dantrolene supplies may be offered to MHS patients and their relatives, so that it can be administered at the earliest possible time should an awake MH episode be suspected. [26] [27] [28] It is our hope that these case reports will help reverse the view on MH exclusively as an ''anesthetic'' disorder and provide a strong incentive for developing efficient guidelines aimed at early recognition and treatment of awake MH episodes.
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